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bstract
Core samples from the QSIM-801 water well, drilled in central Saudi Arabia, cover a 93-foot interval spanning the transition between the Sajir
ember of the Saq Formation, that consists mainly of sandstones of tidal sand flat environments, and the Hanadir Member of the Qasim Formation,
haracterized by argillaceous graptolitic mudstones, corresponding to a tidal delta front. The samples contain abundant, exceptionally well-preserved
nd diverse palynomorphs, which include cryptospores, acritarchs and chitinozoans, other problematic organic-walled microfossils as well as other
rganic particles such as cuticle-like fragments. The studied interval is biostratigraphically well constrained by the presence of chitinozoans of the
ormosa  and pissotensis  Zones of late-early to late Darriwilian age (Middle Ordovician) in the uppermost Saq Formation and Hanadir Member. The
iostratigraphic age of the Sajir Member considered to span the Dapingian–Darriwilian boundary, is re-discussed based on the results herein. The
ppermost part of the Sajir Member yielded the ichnofossil, Phycodes  fusiforme. Acritarch assemblages from the Sajir Member of the Saq Formation
re poorly diversified and dominated by sphaeromorphs. More diverse assemblages of acritarchs, associated with enigmatic forms, occur in the
anadir Member of the Qasim Formation. The contact between the two formations and the transition between the palynomorph assemblages are
harp, suggesting a stratigraphic hiatus. A quantitative analysis allows us to discuss the paleoenvironmental changes and possibly climatic changes
ssociated with an hypothesis of ice house conditions during this period. Among the diagnostic acritarch taxa observed are Frankea  breviuscula,
.  longiuscula, Baltisphaeridium  ternatum, Dasydorus  cirritus, Dicrodiacrodium  ancoriforme,  Poikilofusa  ciliaris,  Pterospermopsis  colbathii  and
ncinisphaera  fusticula.  These are associated with other typical forms known to range across the Lower–Middle Ordovician boundary, such as
remoricanium  rigaudae, Aureotesta  clathrata, Barakella  fortunata, B.  rara,  Baltisphaeridium  klabavense,  Glaucotesta  latiramosa  and Striatotheca
pp. Galeate and peteinoid acritarchs are also well represented, as well as tiny forms of ultraplanctonic size. Three new species of acritarchs are
roposed: Frankea  longiuscula  var.  darriwilense  var. nov, Micrhystridium  regulum  sp. nov, and Tyrannus  proteus  sp. nov. Repeated occurrences
hroughout the section of cryptospores, problematic microfossils such as organic filaments, cuticle-like tissues, striated and pigmented leiospheres
requently in clusters, are interpreted to reflect recurrent terrestrial and freshwater inputs in the depositional environment. Single-specimen, high-
esolution analyses using Confocal Laser Scanning Microscopy on the enigmatic form Tyrannus  proteus  sp. nov. show fluorescence emission
pectra and microstructural properties significantly different from those of typical marine acritarchs from the same levels.
 2017 Elsevier Masson SAS. All rights reserved.
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.  Introduction
Several key papers published over the past years discussed
he possibility of an “Early Paleozoic Ice Age” (Pohl et al.,
016) since the Darriwilian. This hypothesis could contradict








































































































not seen in the QSIM-801 well.90 A. Le Hérissé et al. / Revue de m
uring most of the Ordovician, before the cooling interval of the
ate Ordovician. Arguments of a glacial onset that may have
ccurred as early as the Darriwilian at the Gondwanan paleo-
outh pole, predating the Hirnantian glacial maximum (Ghienne
t al., 2007), are sedimentological, geochemical, micropaleonto-
ogical or related to the paleogeographical configuration (Dabard
t al., 2015; Thompson, 2011; Trotter et al., 2008; Turner et al.,
012; Pohl et al., 2014; Pohl et al., 2016; Rasmussen et al.,
016; Vandenbroucke et al., 2010a, b, etc.). Since the present
ontribution deals with the palynology of Gondwanan rocks
f ?Dapingian to Darriwillian age, it is interesting to consider
hether palynomorph assemblages from borehole QSIM-801
ave any bearing on the hypothesis of precocious cooling in the
iddle Ordovician.
As previously discussed by Le Hérissé et al. (2007), the
ediments of borehole QSIM-801 yielded rich assemblages of
arine palynomorphs (acritarchs, prasinophycean phycomata,
hitinozoans), but also some cryptospores and microscopic plant
emains. Many palynomorphs are also enigmatic, not previously
escribed, and we discuss unreported minute microfossils of
icoplanktonic and ultraplanktonic size, which are key com-
onents of the assemblages. The chitinozoan data provide a
obust biostratigraphic framework, and we also discuss the
iostratigraphic potential of the acritarchs and prasinophycean
hycomata assemblages, with the view to improve the some-
hat unsatisfactory biostratigraphic control for the Saq/Hanadir
ransition in this area.
After the first occurrence of Middle Ordovician cryptospores
as revealed in a stratigraphically equivalent interval in Saudi
rabia (Strother et al., 1996), more recent findings (Strother
t al., 2015; Steemans et al., this volume) confirm their impor-
ance and the establishment of a non negligible vegetation cover
uring this period. In borehole QSIM-801, the relative abun-
ance of cryptospores ranges between 6 to more than 8% of
otal palynomorphs (see Section 5.2).
The shales of the Hanadir Member of the Qasim Formation
ontain also abundant Amorphous Organic Matter (AOM) (up to
0% of total kerogen content), with subsidiary opaque material.
his possibly reflects high burial rates of organic carbon during
he Darriwilian, which, in association with a primordial vegeta-
ion cover, could have affected both sedimentary processes and
limate. The question is to know if their combined effect could
ave been sufficient to significantly draw down atmospheric CO2
nd to cause transient cooling of the global climate.
To achieve a high temporal resolution and to discuss the
pecific characteristics of the assemblages (e.g., the abundance
f minute palynomorphs, or the over-representation of some
axa), we provide a detailed quantification of the variations in
alynomorph assemblages. This allows us to reconstruct both
errestrial and aquatic changes along the succession, and to
elate these changes to sea-level fluctuations, complementing
he sedimentological data. A further remit of the present study
s to evaluate the hydrocarbon exploration potential of the
aq/Hanadir transition, both in terms of reservoir-seal as well as
ource rock association, in analogy with the Upper Ordovician
arah Formation and the overlying lower Silurian hot shales of
he Qusaiba Member of the Qalibah Formation. sléontologie 60 (2017) 289–318
.  Geological  setting  and  biostratigraphy
A thick and well-preserved Ordovician succession is exposed
nd penetrated on the eastern border of the Arabian Precambrian
hield (Fig. 1, Vaslet et al., 1987). In the regional lithostratig-
aphy, the Tabuk Formation of Steinecke et al. (1958), amended
y Powers et al. (1966), is substituted now, in ascending order,
y the upper part of the Saq Formation (also named Anz For-
ation by Khalifa, 1993, 2015), the Hanadir, Kahfah, Ra’an
nd Quwarah members of the Qasim Formation, and glacial and
eriglacial deposits referred to as the “Sarah-Zarqa” Formation
Vaslet, 1990; Melvin, 2015). The Saq and Qasim formations
xtend, with their stratigraphic equivalents, into Jordan to the
orth and to Oman in the South (Stump, 1995; Al-Hajri, 1995).
Penetrating a 1200 ft thick Ordovician sequence, Borehole
SIM-801 (Fig. 1), was drilled to test the Saq aquifer and, sec-
ndarily, to evaluate the source rock potential of these series.
he studied section is relatively short and concerns only a mid-
rdovician cored interval of 93 ft, penetrating from top to the
ottom, the Hanadir Member of the Qasim Formation and the
ajir Member in the uppermost part of the Saq Formation.
In this paper, the global chronostratigraphy for the Middle
rdovician Series proposed by Webby et al. (2004) is used, sub-
ividing the Series into the Dapingian and Darriwilian Stages,
ven though this scheme introduces many problems for inter-
ontinental correlations. The difficulty arises because the faunas
sed for the definition of stratotypes in deep-water facies of
anada and China are hardly recognized in inner-shelf facies of
he south polar Gondwana and peri-Gondawanan areas. For this
eason, some regional schemes have been recently introduced,
uch as the Bohemo-Iberian (= “Mediterranean”) chronostrati-
raphic scale in the South Gondwana paleobiogeographical
egion (Gutiérrez-Marco et al., 2016).
On the Arabian shield, the mid-Ordovician corresponds to a
eriod of increased subsidence that led to a major transgression,
arked by a maximum flooding surface (MFS), placed in the
arriwilian. This stratigraphic interval corresponds to the upper
art of the Arenigian, Oretanian to part of the Dobrotivian in the
ohemia-Iberian chronostratigraphic scale of Gutiérrez-Marco
t al. (2016). This Darriwilian MFS, named O30, is comparable
n importance to the S10 in the early Silurian (Haq and Al-
hatani, 2005). Sharland et al. (2001) located MFS O30 within
he Hanadir Shale sequence and correlated it regionally across
he Arabian Plate (Senalp and Al-Duaiji, 2001). Sedimentolog-
cally, the boundary between the Saq and Qasim formations in
SIM-801, has been placed at 751 ft, corresponding to the tran-
ition between a tidal sand flat environment (Sajir Member of
aq Formation) and a distal delta front (Hanadir member of
asim Formation). In the QSIM-801 core, the Sajir sandstone-
anadir shale contact is sharp and markedly erosional. This is
uite distinct from the contact throughout most of cored sections
lsewhere in Saudi Arabia, where the transition is considered
ontinuous and conformable. In the North of Saudi Arabia, a
FS is observed at the base of the Hanadir Member, but this isAge assignments are of prime importance in the calibration of
edimentary and palynological events (e.g., Murthy et al., 2015).


























mFig. 1. Geological map showing the location 
reviously, the biostratigraphic age of the Sajir Member has
een considered to span the Dapingian–Darriwilian boundary,
ut based on the palynological results of this study, and in par-
icular the distribution of chitinozoans, we think this age should
e reconsidered. Ichnofossils of regional interest in Saudi Ara-
ia, such as the Cruziana  or Phycodes  fusiforme, occur in the
pper part (Sajir Member) of the Saq Formation, particularly
n sandstones of core 8 in QSIM-801. The Hanadir Member
ontains graptolites such as Didymograptus  cf. biﬁdus  and Didy-
ograptus  protobiﬁdus  (Helal, 1964; Powers, 1968), ostracods,
onodonts and trilobites (Vaslet et al., 1987). Moreover, some
race fossils are also present at the Saq/Hanadir boundary (El-
hayal and Romano, 1988; Seilacher, 2000). The details of
edimentary facies and faunas have been described in a previous
(
fi
S QSM-801 water well, central Saudi Arabia.
aper (Le Hérissé et al., 2007), and supplementary informa-
ion on other stratigraphically equivalent localities can be found
n Ghavidel-Syooki et al. (2014) and Gutiérrez-Marco et al.
2016). The age of the Hanadir Member, originally regarded
s Early Ordovician (Helal, 1964), was re-assigned on palyno-
ogical evidence to the Darriwilian, i.e., late Arenig to Llanvirn
f the British terminology (Al-Hajri, 1995). Chitinozoans of
he bulla  biozone of early Darriwilian age, which in northern
ondwana is generally associated to a deepening pulse of the
epositional environment, have been described from the upper-
ost part of the Saq Formation in some parts of Saudi ArabiaParis, personal communication, Paris et al., 2007). This is the
rst contradiction with a Dapingian age attributed to the upper




































































































492 A. Le Hérissé et al. / Revue de m
he stratigraphy of the Dapingian to early Darriwilian interval
s complex all over the world (Gutiérrez-Marco et al., 2013,
016), and particularly on the Arabian margin of Gondwana,
here it is characterized by condensed sequences and diastems
n Oman (Molyneux et al., 2006), Iran (Ghavidel-Syooki et al.,
014), and Saudi Arabia (Le Hérissé et al., 2007; present
tudy).
The chronostratigraphical control for QSIM-801 is estab-
ished on the presence of two successive chitinozoan biozones:
he Siphonochitina  formosa  zone and the L. pissotensis  biozone.
he first appearance and good representativity of S.  formosa,
n the uppermost Saq Formation, at 759.6 ft, top of core 8 and
igher, defines our older assemblage. In north Gondwana, S.  for-
osa is considered the index species of the eponym zone, and is
ated as late-early Darriwilian. It is considered equivalent to the
. artus  graptolite Zone, and is associated with a major flood-
ng episode (Paris et al., 2007). This zone and its associated
ooding event are also known in Oman (Molyneux et al., 2002)
nd south eastern Iran, where it occurs above an important hia-
us encompassing the Dapingian–earliest Darriwilian interval
Ghavidel-Syooki et al., 2014).
The presence of the S.  formosa  biozone constrains the age
f the Sajir Member in QSIM-801, to the late-early Darriwil-
an. A similar situation in the upper part of the Saq Formation,
as previously reported from other localities in Saudi Arabia,
s mentioned by Guttiérrez-Marco et al. (2013, p. 4), where an
nusual assemblage of chitinozoans from the ?D.  ornensis  to
. henryi  biozones and conglomeratic beds with lingulids are
verlain by bedded sandstones yielding the first middle Dar-
iwilian graptolites (El-Khayal and Romano, 1988; Al-Hajri,
995). The upper part of the studied section in QSIM-801, from
ores 3 to 1 (699.9–675.1 ft) is more congruent with an age
f late Darriwilian, referring to the L. pissotensis  chitinozoan
iozone, which coincides also pro  parte  with a transgres-
ive event, corresponding to MFS O30 by Sharland et al.
2001).
Considering that the Ordovician chitinozoan biozones span
 time interval of less than 3 Myr (Paris et al., 2007), and
hat the pissotensis  biozone is probably not complete in the
SIM-801 section, we realize that the late Dapingian (?)–early
arriwilian to mid to late Darriwilian sequence in the QSIM-
01 section is very condensed, corresponding to less than
00 ft.
.  Material  and  methods
A total of 42 samples were collected across the boundary
etween the Sajir Member of the Saq Formation and the Hanadir
ember of the Qasim Formation in borehole QSIM-801. All
he samples were processed using standard palynological tech-
iques. A first batch of samples was treated in the palynological
aboratory of Saudi Aramco, and first results on this mate-
ial were published by Le Hérissé et al. (2007). Another set
f samples was processed both in the palynological laborato-
ies of the University of West Brittany (Brest, France) and the
niversity of Liège (Belgium). In Brest, modified palynolog-
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entrifugation, oxidation and further manipulation for separation
f heavy minerals, were used to obtain more complete spec-
mens (e.g. with possible connections between specimens) of
he most enigmatical forms. Unfiltered palynological residues
ere also studied, in order to analyze the smaller palynomorphs
ultraplankton).
In addition to conventional transmitted light microscopy,
canning Electronic Microscopy (SEM) and Confocal Laser
canning Microscopy (CLSM) were applied to selected species,
or details of morphological features. Confocal Laser Scanning
icroscopy (CLSM) is an important technique largely used in
he biomedical sciences to image in  situ  cellular material to
icro- and nano-scale resolution (Pawley, 2006). In geologi-
al sciences the CLSM has most often been used for imaging
elicate morphological features of palynomorphs (e.g. Feist-
urkhardt and Pross, 1999). The CLSM of the University of
rest used in the present study is a Zeiss LSM 780 with a
 50 Epiplan Apochromat objective AN 0.95, using Ar 405 nm
xcitation. CLSM microscopy was mainly used to analyze the
ariations in autofluorescence spectra between the enigmatical
orm Tyrannus  proteus  sp. nov., and other species assigned to the
critarchs.
Each examined specimen was characterized by two fluores-
ent spectral profiles, with a specific colored bullet illustrating
ariations of excitation of the autofluorescence on several parts
f the specimens.
Quantitative changes in palynomorph assemblage composi-
ion and diversity were also measured within the cored section,
ith a count of at least 300 palynomorph specimens per sample.
elative abundance of AOMs compared to palynomorphs has
lso been established separately. AOMs comprises all particu-
ate organic components that appear structureless at the scale of
ight microscopy.
Pyrite framboids and sulfur-rich nannospheres occur abun-
antly in the organic residues, particularly in samples from the
anadir Member. This sedimentary pyrite can be formed by the
eaction of H2S produced by bacterial sulfate reduction with
etrital iron minerals, and decomposition of organic matter, and
an indicate a chemically reducing depositional environment
nder anoxic conditions (Raiswell and Berner, 1986). Abun-
ant and well-preserved AOM is frequently associated with
yrite. This confirms that the Hanadir Member was mainly
eposited under anoxic conditions. However, the fluctuations
n relative abundance of AOM vs. marine and/or terrestrial
alynomorphs in QSIM-801, also suggest periodic exposure to
ysoxic conditions. The organic matter of the Hanadir Mem-
er is highly mature type II kerogen with range of total organic
arbon (TOC) between 0.5 to 2.98% (Ghazwani, 2012), that
ndicates the source rock of the Hanadir is in Gas generation
indows.
All illustrated specimens (Plates 1 to 7), from palynologi-
al slides prefixed SA 8219, SA 44845, 44850, 44851, 44852.2,
4853.2, 44857.2, 44858.2, 44861.2, 44862.2, 44881, 44881.2,
4883.1, 44883.2, 44888, 44888.2, 44890, 44891.2, 44894.2,
nd LPB 13071 to 13085, are deposited in the collections of
audi Arabian company in Dhahran, and the Laboratoire de
aléontologie de Brest (LPB), France.
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.  Systematic  paleontology
Two new species and one new variety of acritarch are
escribed and one species is revised. All palynomorph taxa
entioned in the text are listed with authorship in alphabetical
rder in Appendix 1. Problematic organic-walled microfossils
re also described herein, grouped under the informal category
unidentified grey elements”.
.1.  Algae  Incertae  Sedis
Group ACRITARCHA Evitt, 1963
Genus Focusphaera  Quadros, 1986
Type  species.  Focusphaera  elongata  Padilha de Quadros,
986.
Focusphaera elongata  Padilha de Quadros, 1986
Plate 1, Figs. 12, 15
1986 Focusphaera  elongata  Padilha de Quadros, p. 184–186,
late 2, figs. 5–10.
2007 ?Tinacula  sp. A, Le Hérissé, Al-Ruwaili, Miller, Vecoli,
. 10, 12, Plate 2, figs. 10–12.
Description.  Vesicle piriform, elongate in outline, base sub-
pherical and unobstructed neck-like extension. The surface of
he vesicle varies from microgranulate, reticulate, baculate or
ith pilosity. The open distal end of the neck-like structure is
imple and slightly constricted.
Remarks.  The specimens described and illustrated in Le
érissé et al. (2007) were misidentified as ?Tinacula  sp.; on the
asis of comparison with type material of Focusphaera  elongata
Quadros, personal communication) these specimens are reas-
igned to the latter species. Consequently, the present Middle
rdovician assemblages from Saudi Arabia show interesting
lements of comparison with the Middle Ordovician of the
enjamin Constant Formation in the Solimões Basin, BrazilQuadros, 1986a, 1986b, 1988). The Darriwilian Hanadir Mem-
er of the Qasim Formation in Saudi Arabia, contains also
arakella fortunata  and Striatotheca  rarirrugulata, both like-




late 1. Acritarchs from QSIM-801 Well, Saudi Arabia. Key to abbreviations: SA, S
F, England Finder coordinates. Scale bar 20 m for all figured specimens. Fig. 1. B
3071 (EF O33/4); SEM view; diameter of central body, 67 m; process length, 45 
lide SA 44881 (EF E54/1); dimensions of central body, 45 × 35 m; process leng
A 44881 (EF P62/3); dimensions of central body, 45 × 33 m; process length, 39 
996. 719.9 ft, slide SA 44881 (EF D49); dimensions of central body, 33 × 25 m; pr
58/1); diameter of central body, 33 m; height of membranous crests, 6 m. Fig. 6. 
f central body, 31 m; process length, 11 m. Fig. 7. Virgatasporites rudii Combaz
asydorus cirritus Playford and Martin, 1984. 682.2 ft, slide SA 44850 (EF S53). Ve
avrdová, 1982. Fig. 9: 712.7 ft, slide LPB 13075 (EF L26/4), SEM view; vesicle di
46/2); vesicle diameter, 22 m; process length, 15 m. Fig. 11. Frankea breviuscula
esicle diameter, 28 m, process length, 14 m. Figs. 12, 15. Focusphaera elongata 
 microgranulate surface; diameter of rounded base, 28 m; diameter of apical part (i
3075 (EF L25), SEM view; rounded base, 45 m in diameter; diameter of apical 
oeblich and Mac Adam, 1971. 717.9 ft, slide SA 44862.2 (EF P48/3); diameter of
ig. 14. Aremoricanium rigaudae Deunff, 1955. 717.9 ft, slide SA 44862.2 (EF H3
rocesses, 33 m.léontologie 60 (2017) 289–318
Dimensions.  Total length, 36–75 m; vesicle diameter,
9–45 m; diameter of distal opening, 12–18 m (ca.  55 spec-
mens measured).
Occurrence.  Restricted to the Hanadir Member of the
asim Formation, from top of Core 7 to core 1, Zone 3, middle
o late Darriwilian.
Genus Frankea  (Burmann, 1970) Servais, 1993 emend.
1970 Frankea  Burmann, p. 292
1993 Frankea  Burmann emend., Servais, p. 80
1995 Fatkia  Vavrdová, p. 368
Type species.  Frankea  hamata  Burmann, 1970 by original
esignation.
Original diagnosis. Der Zentralkörper ist triangular, mit
reistrhliger Anordnung von Fortsätzen, die terminal an eimen
emeinsamen Ansatzpunkt in unverzweige Anhänge aufgabeln.
ie Anzahl der terminalen Fortsatznhänge (Zwei und mehr) und
as Längenverhältnis von Fortsatz zu Zentralkörper sind variabel
Burmann, 1970).
Translation  of  the  original  diagnosis.  The central body is
riangular, with a triradial arrangement of the processes, which
plit distally from simple point into unbranched pinnae. The
umber of the terminal pinnae (two or more) and the ratio of
rocess length to central body diameter are variable.
Emended diagnosis.  Vesicle subcircular to triangular in out-
ine, bearing generally three processes, but sometimes only two
r up to four. The processes are cylindrical, hollow, of variable
ize, but relatively constant in length within each specimen. The
rocesses are in free communication with the vesicle interior, but
he communication can be restricted in some species by means
f a plug at the base of the processes. The processes split dis-
ally from a single point into two or more pinnae. Sometimes
ne process can be simple. The surface of the vesicle and of the
rocesses is smooth to granulate or striatogranulate. Opening by
eans of an epityche.
Remarks. Servais (1993, p. 81) underlined the importance of
he number of terminal pinnae and the ratio of process length to
entral body diameter for circumscription and differentiation of
he species of Frankea. Other observations (Vecoli et al., 1999a)
nd the material studied here, do not support this assertion.
audi Aramco collection; LPB, Laboratory of Paleontology of Brest collection;
altisphaeridium klabavense (Vavrdová) Kjellström, 1971. 728.5 ft, slide LPB
m. Fig. 2. Barakella rara (Lu Li-chang) emend. Tongiorgi et al., 1995. 719.9 ft,
th, 39 m. Fig. 3. Barakella fortunata Cramer and Diez, 1977. 719.9 ft, slide
m. Fig. 4. Dicrodiacrodium ancoriforme Burmann, 1968 emend Servais et al.,
ocess length, 17 m. Fig. 5. Cymatiosphaera sp. 702.7 ft, slide SA 44858.2 (EF
Veryhachium trispinosum group. 719.9 ft, slide SA 44881 (EF F48/4); diameter
, 1967. 699.9 ft, slide SA 44857.2 (EF P49/4); vesicle diameter, 45 m. Fig. 8.
sicle length, 50 m; vesicle width, 30 m. Figs. 9, 10. Glaucotesta latiramosa
ameter, 22 m; process length, 15 m. Fig. 10: 712.7 ft, slide LPB 13074 (EF
 Burmann, 1970. 717.9 ft, slide SA 44862.2 (EF F52), variant with 5 processes;
Quadros, 1986. Fig. 12: 675.1 ft, slide SA 44853.2 (EF K50/3), specimen with
ncluding the opening), 12 m; total length, 56 m. Fig. 15: 712.7 ft, slide LPB
part, 22 m; total length, 89 m. Fig. 13. Aremoricanium aff. A. squarrosum
 central body, 75 m; length of neck, 22 m; length of processes, 15–17 m.
9); dimensions of central body, 75 × 55 m; length of neck, 30 m, length of
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The vesicle wall thickness is variable. In the majority of the
pecimens observed, the communication between the processes
nd vesicle interior is evident. However, some specimens show a
trong contrast between a thicker-walled vesicle and thickening
xtension at the base of the processes and a thinner wall for the
est of the trunk of the processes up to the top. This suggests,
or some Frankea  species, a sharp separation between process
nd vesicle cavities.
The genus was proposed by Burmann (1970), based on
bservations in thin sections, and of particular interest is one of
he illustrations of Frankea  longiuscula  (Burmann, 1970, Plate
, fig. 12), that clearly shows a thicker-walled vesicle. Neither
he successive emendations of the genus by Colbath (1986)
nd Servais (1993), nor the discussions and remarks on the
enus by Fatka et al. (1997) and Vecoli et al. (1999a, b) discuss
he variability in wall thickness, which is especially apparent
n some specimens of Frankea  longiuscula. We consider this
eature in context with the description of Frankea  longiuscula
ar. darriwilense  var. nov.
Frankea  longiuscula  var. darriwilense  var. nov.
Plate 3, Figs. 1–4, 7, 9, 11, 12; Plate 6, Fig. 6; Text-Fig. 2.
1970 Frankea  longiuscula  Burmann, Plate 2, fig. 12, Plate 3,
gs. 1, 2.
1977 Multiplicisphaeridium  longiusculum  (Burmann) Eise-
ack, Cramer and Diez in Cramer and Diez, Plate 6, fig. 16.
?1999 Frankea  longiuscula  Burmann, 1970 - Vecoli, Ton-
iorgi, Playford, Plate 2, fig. 2.
?2000 Veryhachium  subglobosum  Jardiné et al., 1974 -
olyneux and Al-Hajri, plate 2, b.
2007 Frankea  longiuscula  Burmann, 1970 - Le Hérissé, Al-
uwailii, Miller, Vecoli, Plate 1, figs. 12, 14, 15.
Derivation  of  name.  From Darriwilian, stage of the Middle
rdovician.
Typiﬁcation. Holotype, borehole QSIM-801, level 715.6 ft,
ore 4, slide SA 44861.2 (EFS48/1), Plate 3, Fig. 7.
Type locality  and  horizon.  borehole QSIM-801, Hanadir
hale Member, Quasim Formation, middle to late Darriwilian.
Diagnosis. A variety of Frankea  longiuscula  Burmann, 1970,hich differs in having a darker and thicker-walled vesicle, and
n important variability in the termini of processes, in the form




late 2. Acritarchs from QSIM-801 Well, Saudi Arabia. Key to abbreviations: LPB, L
cale bar 20 m for all figured specimens. Fig. 1. Poikilofusa ciliaris Vecoli, 1999. 72
ength of polar extensions, 22 m. Fig. 2. Baltisphaeridium ternatum (Burmann) em
ody, 44 m; length of processes, 123 m. Fig. 3. Unicinispahera fusticula Vecoli, 1
ength of processes, 17–20 m. Figs. 4, 5. Stelliferidium striatulum (Vavdová) Deu
iameter of central body, 42 m; length of processes, 5 m. Fig. 5: 728.5 ft, slide L
–6 m. Fig. 6. Stelliferidium stelligerum (Górka) emend Deunff, Górka & Rauscher
ength of processes, 5 m; diameter of pylome, 28 m. Fig. 7. Stellechinatum celestum
ody, 33 m; length of processes, 28 m. Fig. 8, 9. Peteinosphaeridium velatum Kjell
PB 13072 (EF O34); diameter of central body, 70 m; length of processes, 20 m. 
ength of processes, 13 m. Figs. 10, 11. Peteinosphaeridium aff. P. bergrstroemii, St
ig. 10: 728.5 ft, slide LPB 13072 (EF O32); diameter of central body, 60 m; length 
rnamentation. Figs. 12, 13. Peteinosphaeridium sp. A. Fig. 13: 712.7 ft, slide LPB
ength of processes, 15 m. Fig. 12: Same specimen as previous, detail of process orléontologie 60 (2017) 289–318
Description.  Vesicle subtriangular to subcircular in outline,
ith convex sides, bearing three long and cylindrical processes
rarely one additional process present), one located at each angle
f the vesicle. The processes are distally simple or splitting into
wo and up to 12 pinnae. The vesicle and proximal part of the
rocesses are distinctly darker and thicker than the rest of the pro-
esses. Vesicle and process surface smooth to microgranulate.
xcystment by means of an epityche (“horse-shoe” opening)
etween two processes.
Dimensions.  Vesicle diameter, 29–61 m; process length,
5–92 m; process width 2.5–3 m; length of pinnae
.5–11 m; vesicle wall thickness, 1.2 m (more than 500 spec-
mens measured).
Remarks.  This variety is well represented in zones 2 and 3
late-early to late Darriwilian), attaining 10% up to 15% of the
otal assemblage in several levels. The high percentages are inter-
ittent in the succession, suggesting recurrences of “blooms”.
This taxon is characterized by well-developed processes, but
lso by important morphological variability leading to terato-
ogical specimens, which are observed throughout the section
e.g., Plate 3, Fig. 9; Fig. 2).
In addition to the illustrations of Burmann (1970) that suggest
ore important variability in Frankea  longiuscula  than indicated
n the original description, Cramer and Diez (1977, p. 350) noted,
n their Moroccan material, that some Frankea  longiuscula  were
onsistently darker and thicker-walled, so that they even consid-
red a separate species for these specimens. Because we have
n our material some true Frankea  longiuscula  (thin-walled, no
arker vesicle wall), we suggest that the darker and thicker-
alled forms constitute a variety rather than a new species.
his separation into a subspecific category (e.g., Servais and
olyneux, 1997), is of practical utility for retaining stratigraphic
nd paleoenvironmental information.
In the literature, wall thickness has been considered both as
 specific and as a subspecific (varietal) character, together with
he presence/absence of process basal plugs. An example of the
ormer case is the Silurian species Veryhachium  checkleyensis
orning, 1981. An example of intra-specific variability based on
hickness wall is found in the discussion of the Cambrian species
usatia dendroidea  by Albani et al. (2007): “The free commu-
ication of processes with the vesicle interior is evident in
ranslucent and thin-walled specimens. Specimens with a dark,
aboratory of Paleontology of Brest collection; EF, England Finder coordinates.
8.5 ft, slide LPB 13071 (EF M33/4); dimensions of central body, 38 × 80 m;
end. Vecoli, 1999. 728.5 ft, slide LPB 13071 (EF M30/2); diameter of central
999. 728.5 ft, slide LPB 13071 (EF L35/2); diameter of central body, 45 m;
nff, Górka & Rauscher, 1974. Fig. 4: 728.5 ft, slide LPB 13071 (EF O34/1);
PB 13072 (EF L30/4); diameter of central body, 39 m; length of processes,
, 1974. 712.7 ft, slide LPB 13073 (EF L30/2); diameter of central body, 50 m;
 (Martin) Turner, 1984. 712.7 ft, slide LPB 13073 (EF N31); diameter of central
ström, 1971 emend. Playford, Ribecai & Tongiorgi, 1995. Fig. 8: 728.5 ft, slide
Fig. 9: 728.5 ft, slide LPB 13072 (EF L32/3); diameter of central body, 43 m;
aplin, Jansonius & Pocock, 1965 emend. Playford, Ribecai & Tongiorgi, 1995.
of processes, 12–15 m. Fig. 11: Same specimen as in Fig. 10, detail of process
 13073 (EF O32/2), complete specimen; diameter of central body, 45–47 m;
namentation.
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hick-walled vesicle and thin-walled processes may simulate a
eparation and give impression of a bilayered vesicle. The darker
rea may extend shortly into the base of the processes”. It is
vident that with its variable morphology (vesicle of varying
hickness and bearing one, two, or three processes), Lusatia
endroidea shows some analogies with Frankea  longiuscula
ar. darriwilense. Lusatia  heteromorpha  of Vavrdová, 1986,
escribed from the lower Llanvirn of the Prague Basin, differs
y capitate terminations of pinnae and a granular central body.
Another possible comparison, based on character variability,
s with the Lower to Middle Ordovician genus Dicrodiacrodium,
haracterized by variability in the presence of an apical process,
hich can either be plugged at its base or freely communicating
ith the central body (Servais et al., 1996).
Previous  records.  The material of Burmann (1970) comes
rom supposedly upper Llanvirn sediments in eastern Ger-
any. In Cis-Sahara Morocco, Frankea  (Multiplicisphaeridium)
ongiuscula  was recorded in the Tadla Basin by Cramer and
iez (1977) from strata attributed to the late Dapingian to Dar-
iwilian based on chitinozoans (Soufiane and Achab, 1993).
ossibly, the North African specimens illustrated by Vecoli et al.
1999a, b) can be considered to belong to F.  longiuscula  var.
arriwilense, taking into account the break seen in basal part
f some processes, suggesting the existence of a basal thick-
ning. The material of Vecoli et al. (1999a, b) is from the
idymograptus murchisoni  graptolite Zone, supporting an early
o mid-Darriwilian age (Zalasiewicz et al., 2009), which is con-
istent with the distribution of F.  longiuscula  darriwilense  in
SIM-801.
Occurrence.  Uppermost part of the Saq Formation and
anadir Member of the Qasim Formation in borehole QSIM-
01, late-early to late Darriwilian.
Genus Micrhystridium  Deflandre, 1937
Type  species.  Micrhystridium  inconspicuum  (Deflandre
937) Deflandre 1937 by original designation.
Remark.  We concur with other authors in consideringarjeant and Santcliffe’s (1994, p. 22–23) emendation of
icrhystridium, as too broad and impractical. According to
urrently accepted definitions, Micrhystridium  includes small a
late 3. Acritarchs and sporomorphs from QSIM-801 Well, Saudi Arabia. Key to abb
rest collection; EF, England Finder coordinates. Scale bar 20 m for all figured spe
ig. 1: 686.6 ft, slide SA 44851 (EF P47/2); diameter of central body, 55 m; length o
nd single pinna. Fig. 2: 715.6 ft, slide SA 44861.2 (EF P49/3), specimen with subcirc
wo processes bear 4–5 pinnae, the third one is incomplete. Fig. 3: 715.6 ft, slide SA 4
ne process is simple, the others bear 3–4 pinnae. Fig. 4: 699.9 ft, slide SA 44857.2 (E
ear 3–4 pinnae. Fig. 7: 715.6 ft, slide SA 44861.2 (EF S48/1), Holotype showing s
ubtriangular central body, 55 m; length of processes, 78 m; number of pinnae 4–
ubtriangular central body; diameter of central body, 40 m, showing an expansion up
ulbous with a single distal pinna. Fig. 11: 675.1 ft, slide SA 44853.2 (EF R56/4), s
entral body, 55 m; length of processes, 78 m; length of pinnae, 6–7 m. Fig. 12: 67
esicle and bearing only two processes; dimensions of central body, 55 × 48 m; leng
igs. 5, 8. Hilate Sporomorphs 1. Fig. 5: 728.5 ft, slide SA 44883.2 (EF K55/2); diam
A 44894.2 (EF T58/1); diameter of vesicle, 37 m; diameter of central pylome, 10 
f vesicle, 50 m; length of processes, 8–9 m. Fig. 10. Aremoricanium aff. A. deco
iameter of vesicle, 55 × 48 m; length of tubular neck-like extension, 20 m; length
layford (2006a, b). 728.5 ft, slide SA 44883.2 (EF J58/2); diameter of the central boléontologie 60 (2017) 289–318
orms of acritarchs, with single-walled spherical to subspherical
esicles, bearing simple acuminated or multifurcated, hollow
rocesses with free communication into vesicle interior.
Micrhystridium  regulum  sp. nov.
Plate 7, Figs. 2–6
Derivation  of  name.  Latin regulum, petty king, referring to
he little size of this species.
Typiﬁcation.  Holotype, QSIM-801 well, core 1, level
49.9 ft, slide SA 44891.2 (E61).
Type locality  and  horizon.  QSIM-801 borehole, central
audi Arabia, Uppermost Saq Formation and Hanadir Member
f the Qasim Formation, late-early to late Darriwilian.
Diagnosis.  Vesicle originally spherical, outline circular to
ubcircular, distinct from processes. Wall single layered, 0.5 m
hick, psilate. Between 7 to 12 homormorphic processes, cylin-
rical, quite large, clearly differentiated from the vesicle cavity
nd with angular contact; wall psilate, tapering to acuminate
ips. Excystment structure not observed.
Remarks and  comparison.  Micrhystridium  regulum  sp. nov.
s characterized by processes of variable shape, size and number.
wo morphotypes are distinguished: one with short processes,
ccurring mainly in the Saq Formation; the second bearing
onger processes and occurring in the Hanadir Member of the
asim Formation. Among the different species of Micrhystrid-
um recorded in this material, many have simple morphology and
re difficult to assign to established unornamented species based
n variation involving only size, length and number of simple
rocesses. The species Micrhystridium  regulum  is unique, and
n spite of its small size, is easy to distinguish in optical view
nd SEM from other species of Micrhystridium.
Dimensions. Vesicle diameter, 3–6.5 m; length of pro-
esses, 1.5 to 5.5 m (ca.10 specimens measured).
Occurrence. Uppermost part of the Saq Formation, and
anadir Shale Member of the Qasim Formation in QSIM-801
ell, Acritarch Zones 2 and 3, late-early to late Darriwilian.Genus Tyrannus  Wood and Tekbali, 1987
Type  species.  Tyrannus  giganteus  (Jardiné et al., 1974) Wood
nd Tekbali, 1987
reviations: SA, Saudi Aramco collection; LPB, Laboratory of Paleontology of
cimens. Figs. 1–4, 7, 9, 11–12. Frankea longiuscula var. darriwilense var. nov.
f processes, 78 m; length of pinnae, 6–7 m; one process showing bulbous tip
ular central body; diameter of central body, 56 m; length of processes, 90 m;
4861.2 (EF N48); diameter of central body, 55 m; length of processes, 72 m;
F S59); diameter of central body, 49 m; length of processes, 78 m; processes
ubtriangular central body and epithyche (“horse-shoe” opening); diameter of
5 pinnae. Fig. 9: 746.5 ft, slide SA 44890 (EF G51), aberrant specimen with
 to 86 m in length at right corner; the tips of two visible processes are slightly
pecimen showing one process with bulbous tip and single pinna; diameter of
5.1 ft, slide SA 44853.2 (EF U51/1), bipolar-symmetric specimen with rounded
th of processes, 78 m; number of pinnae, 3 to 6; length of pinnae, up to 8 m.
eter of vesicle, 33 m; diameter of central pylome, 18 m. Fig. 8: 756 ft, slide
m. Fig. 6. Indeterminate sp. A. 728.5 ft, slide SA 44883.2 (EF J53); diameter
ratum Loeblich and Mc Adam, 1971. 728.5 ft, slide LPB 13076 (EF H33/2);
 of processes, 11–13 m. Fig. 13. Pterospermopsis francinae Quintavalle and
dy, 26 m; overall diameter including flange, 42–53 m.
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Tyrannus  proteus  sp. nov.
Plate 5, Figs. 1–13.
2007 Tyrannus  sp. A, Le Hérissé, Al-Ruwaili, Miller, Vecoli,
. 12, Plate 2, figs. 1, 2, 4.
Derivation  of  name.  Latin proteus, proteiform, in reference
o the variable aspect of the specimens referred to this species.
Typiﬁcation.  Holotype, QSIM-801 well, level 693.1 ft, core
, slide SA 44853.2, (EF U47/2), Plate 5, Fig. 11.
Type locality  and  Horizon.  Borehole QSIM-801, Central
audi Arabia, Hanadir Shale Member of the Qasim Formation,
iddle to late Darriwilian.
Diagnosis.  Vesicle hollow, wall thick, unilayered, surface
silate, subtriangular to subcircular or subpolygonal in out-
ine, depending on the numbers of processes. Two to eight
rocesses, cylindrical to conical, hollow, communicating freely
ith the central cavity, distally truncate and open. The distal
xtremities of the processes appear to be thinner and lighter in
olor.
Dimensions.  Vesicle diameter, 75–125 m; process length,
5 to 50 m; process width, 10–15 m; overall diameter
0–200 m (ca. 100 specimens measured).
Remarks.  Considering the previously described specimens
Le Hérissé et al., 2007) many specimens of T.  proteus  sp. nov.
as been observed and studied from QSIM-801, in optical view,
EM and using CLSM. In order to test the hypothesis that T.  pro-
eus could occur in clusters of interconnected specimens, the
ew specimens were recovered from QSIM-801 samples using
 low-impact preparation procedure, which avoids the use of cen-
rifugation, oxidation and further manipulation for the separation
f heavy minerals,. However, no such clusters were recovered,
nd our findings confirm that Tyrannus  proteus  sp. nov. possesses
ll the features of a unicellular organism, such as a vegetative
ell, a cyst stage or a spore.
The generic attribution to Tyrannus  is based on the follow-
ng important characteristics of this taxon: a) large size, b)
igmentation of the vesicle resulting in the characteristic light
rown coloration, c) distally open processes. Unlike the major-
ty of the acritarch species observed in the assemblages (with
he sole exception of Frankea  longiuscula  var. darriwillense),
. proteus  is characterized by high morphological variability and





late 4. Acritarchs and other enigmatic palynomorphs from QSIM-801 Well, Saudi A
aleontology of Brest collection; EF, England Finder coordinates. Scale bar 20 m for
lide SA 44857.2 (EF W56/2); diameter of central body 60 m; length of the thin tu
Type 2”, a detached hemi-vesicle seen by the interior and showing radial striae in th
44/2), a detached, conical hemi-vesicle showing a rounded structure in the apical ar
tructure, 15 m. Fig. 4: 741.5 ft, slide SA 44888 (EF G41/4), “Type 2”, a complete s
t polar extremities; total length, 90 m. Fig. 5: 719.9 ft, slide SA 44881.2 (EF Q58/1
ranular ridges towards the equatorial zone; total diameter of vesicle, 75 m. Fig. 6.
esicle, 35 m; length of processes, 30 m. Fig. 7. Aureotesta clathrata (Vavrdovà) e
esicle, 33 m; length of processes, 13–14 m. Fig. 8. Ampullula suetica Righi, 1991
f tubular extension, 8 m (incomplete); diameter of pylome (indicated by arrow), 18
4894.2 (EF N42/1); diameter of vesicle, 45 m; length of processes, 30–35 m. Fig
PB 13077 (EF C36/1); diameter of vesicle, 33 m; length of processes, 13–14 m
isenack, Cramer and Diez, 1976. 682.2 ft, slide SA 44850 (EF W51.4); diameter of ve
in et al., 1998. 756 ft, SA 44894.2 (EF H49/3); dimensions of vesicle, 22 × 26 m; léontologie 60 (2017) 289–318
hape and number of processes, while the overall dimensions
re remarkably consistent.
CLSM analyses conducted on single specimens also showed
ajor differences in fluorescence intensity between specimens
f Stelliferidium  and Frankea  on the one hand, and T.  proteus  on
he other; these differences cannot be ascribed to differences in
hermal alteration and corroborate the idea that T.  proteus  differs
n biological affinity from the general acritarch populations of
he studied samples.
The general shape, presence of distally open processes, and
orphological polymorphism of T.  proteus  are comparable to
hose observed in the Neoproterozoic palynomorphs Tappania
nd Germinosphaera, which have been described as possible
ungi (Butterfield et al., 1994; Butterfield, 2009). However, no
vidence of hypal fusion (e.g., interconnected specimens) has
een confirmed in the numerous isolated specimens of T.  proteus
bserved in this study and we can conclude there is no real
vidence here that points to fungal affinity for this acritarch.
Occurrence and  distribution.  The species first occur
parsely in the uppermost part of the Sajir Member of the Saq
ormation, and becomes common in the Hanadir Shale Member
f the Qasim Formation (Acritarch Zones 2 and 3, late-early to
ate Darriwilian).
.2.  Unidentiﬁed  dark-grey  elements
Organic-walled microfossils which cannot be attributed
o any classes of known palynomorphs occur in many of the
tudied samples. They are of relatively small size (ca. 50
icrons), have a spherical, hemispherical, or bipolar symmetry,
hin-walled and characteristically dark grey in color, vaguely
eminiscent of carbonized woody material. However, these
lements do not show the characteristics of charcoal fragments
uch as splintery fractures, silky lustre or specific internal
natomy (e.g., Scott, 1989, 2010). The most reliable taxonomic
eature of this material is its light grey to dark grey color
hen accompanying acritarchs, prasinophycean algae andryptospores are continuously pale and light yellow in color,
ndicating no evidence of thermal alteration in this material.
he darkening of the light grey to dark grey material could
lso be derived from the prolonged transport of continental
rabia. Key to abbreviations: SA, Saudi Aramco collection; LPB, Laboratory of
 all figured specimens. Figs. 1–5. Dark grey elements. Fig. 1: “Type 1”, 699.9 ft,
bular polar extension, 39–78 m. Fig. 2: 741.5 ft, slide SA 44888 (EF J51/3),
e polar area; diameter of vesicle, 69 m. Fig. 3: 741.5 ft, slide SA 44888 (EF
ea; diameter of vesicle, 78 m; length of vesicle, 35 m, diameter of the polar
pecimen with the two halves attached, showing a short membranous extension
), “Type 2”, a detached hemi-vesicle, showing an ornamentation of concentric
 Arkonia sp. A Vecoli, 1999. 756 ft, slide SA 44894.2 (EF R54/3); diameter of
mend. Brocke et al., 1997. 754.8 ft, slide LPB 13077 (EF C36/1); diameter of
. 756 ft, slide SA 44894.2 (EF R47/4); diameter of vesicle, 61–100 m; length
 m. Fig. 9. Ankyrotrochos crispum (Vavrdovà) Vecoli, 1999. 756 ft, slide SA
. 10. Comasphaeridium aff. C. pratulum Cramer and Diez, 1974. 754.8 ft, slide
. Fig. 11.  Striatotheca rarirrugulata (Cramer, Kanes, Diez and Christopher)
sicle, 24.5 m; length of processes, 22 m. Fig. 12. Striatotheca monorugulata
length of processes, 33 m.
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r freshwater material in the marine environment, under
ossible oxydating conditions. But, as previously mentioned,
ost-depositional alteration does not seem to have affected any
ther palynomorphs in the assemblage. Another hypothesis
ssociates these palynomorphs with sediment reworking, which
oes exist for acritarchs at some levels in the core. But there
s no evidence of reworked acritarchs in 37 of the 42 levels
here the light grey to dark grey elements occur. Two main
orphological types have been recognized, as described below.
Dark-grey element, Type 1
Plate 4, Fig. 1
Description.  Complex palynomorph with bipolar symmetry,
omposed of a hollow subspherical, dark and relatively thick
entral body bearing two long, thin-walled membraneous cylin-
rical extensions drawn out from two opposite polar regions of
he central body. These extensions do not communicate with the
esicle cavity. No opening observed.
Dimensions.  Diameter of central body, 50–60 m; Length
f the membranous polar extensions, 25 to 78 m (4 specimens
easured).
Discussion and  comparison.  The presence of tubular
xtensions on opposite sides of a spherical body is a mor-
hological characteristic shared with the Silurian acritarch
arminella maplewoodensis  Cramer, 1964. However, the
resent specimens differ by a significantly larger size, a thicker
nd strongly pigmented central body, and by the fact that
he tubular extensions are distally closed and not open as in
. maplewoodensis.
Dark-grey element, Type 2
Plate 4, Figs. 2–5
Description.  Palynomorph consisting of two hemispherical
alves which are often preserved as detached elements. The out-
ine of the vesicle is circular to oval in polar view. The wall is
elatively thick and distinctly pigmented, dark-grey in color. The
olar areas are characterized by the presence of a circular thick-
ning surrounded by irregular radial striae. Occasionally, the
olar areas bear a thin, short, distally open apical membrane-
us extension. The equatorial areas are characterized by distinct
oncentric ridges which are formed either by continuous striae





late 5. Acritarchs from QSIM-801 Well, Saudi Arabia. Key to abbreviations: SA, S
F, England Finder coordinates. Scale bar 30 m for all figured specimens. Figs. 1–1
ig. 1: complete specimen; diameter of polygonal central body, 134 m; length of pro
rocess wall. Fig. 3, 6: 693.7 ft., slide LPB 13078 (EF M30/2); polygonal specimen 
06 m; length of processes, 40 m. Figs. 4, 7: 693.7 ft., slide LPB 13078 (EF L32/
3 m; Fig. 4: detail of a process top with thin crenulate membrane. Fig. 5: 693.7 ft.,
eflected light; diameter of central body, 45 m; length of processes, 45 m. Fig. 8:
ody, 106 m; length of processes, 22 m. Fig. 9: 693.7 ft., slide LPB 13078 (EF M31
ig. 10: 693.1 ft., slide SA 44853.2 (EF R49/1), triangular form; diameter of central
EF U47/2), holotype showing typical polygonal form; diameter of central body, 10
46/1) incomplete polygonal specimen with one bifurcate process; diameter of cent
omparison from a cutting sample in Turabah-1 well, 6352–6386 ft. depth; SA slide 8léontologie 60 (2017) 289–318
Dimensions.  Complete specimens 45 ×  90 m to
0 ×  100 m in total length and width; isolated halves 69
o 80 m in diameter.
Remark.  Many specimens of Type 2 have been recorded only
s detached halves.
Discussion  and  comparison.  These specimens resemble the
arly Devonian acritarch Riculasphaera  ﬁssa  Loeblich and Tap-
an, 1969, with the mode of opening by equatorial splitting, but
olar ornamentation and sculpture are different. Some similar-
ty exists also with some modern freshwater algal spores, such
s Gelasinicysta  among the Zygnemataceae, that are spheroidal
o discoidal and composed of two equal halves separated by an
quatorial suture (Head, 1992).
.  Composition  of  palynomorph  assemblages
The samples contain rich and generally well-preserved
ssemblages of marine palynomorphs (acritarchs, prasino-
hycean phycomata, chitinozoa), mixed with possible fresh-
ater algae (various sphaeromorphs), and terrestrial elements
cryptospores, described in Steemans et al., present issue). Other
roblematic palynomorphs (e.g., the dark-grey elements) are
ore difficult to interpret in terms of paleoenvironmental con-
itions. We also describe abundant, very small microfossils
picoplanktonic and ultraplanktonic size classes), and we discuss
heir depositional distribution and paleobiologcial significance.
A total of 72 palynomorphs species, attributed to 37 gen-
ra have been identified (Fig. 3). Their distribution forms the
asis for a biozonation through the Saq/Hanadir transitional
eds, and the associations are compared to coeval assemblages
escribed from elsewhere. Variations in the relative abundance
f marine and terrestrial palynomorph, are analyzed quantita-
ively, together with fluctuations in abundance of AOM and
hese variations are interpreted in terms of paleoenvironmental
hanges along the section (Figs. 4 and 5).
.1.  Biozonation
Among the acritarchs and prasinophycean phycomata assem-
lages in the QSIM-801 section, the presence of Arkonia,
rankea and Striatotheca  clearly indicates affinities with the
emperate to cold Mediterranean (or Perigondwana) Province
Molyneux et al., 2013). Even if no direct relationship between
audi Aramco collection; LPB, Laboratory of Paleontology of Brest collection;
3. Tyrannus proteus sp. nov. Figs. 1–2: 693.7 ft., slide LPB 13078 (EF J31/1);
cesses, 67 m. Fig. 2: detail of top of the processes, showing distal thinning of
(Fig. 3) and detail of adistally open process (Fig. 6); diameter of central body,
1), polygonal specimen; diameter of central body, 89 m; length of processes
 slide LPB 13079 (EF S31), specimen used for CSLM analyses imaged here in
 693.7 ft., slide LPB 13078 (EF J32/3) quadrangular form; diameter of central
), triangular form; diameter of central body, 95 m; length of processes, 50 m.
 body, 60 m; length of processes 30 m. Fig. 11: 693.1 ft., slide SA 44853.2
0 m; length of processes 45–60 m. Fig. 12: 741.5 ft., slide SA 44888.2 (EF
ral body, 80 m; length of processes, 45 m. Fig. 13: polygonal specimen for
219 (EF T50/4); diameter of central body, 112 m; length of processes, 45 m.
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critarch biogeography and paleolatitude and/or climatic belts
an be demonstrated (Molyneux et al., 2013), the distribu-
ion of certain genera, such as Frankea, seems restricted
o areas of high paleolatitudes, characterized by cold water
asses (Colbath, 1990; Tongiorgi et al., 1995; Vecoli et al.,
999a, b).
Based on the distribution of the palynomorphs (Fig. 4), the
equence of Saq/Hanadir transitional beds in QSIM-801, can be
ivided into 3 main intervals, defined by Assemblage Zones 1
o 3. The changes in the composition of palynomorph assem-
lages and the biostratigraphic events recorded, such as the
irst Appearance Datum (FAD), the Last Appearance Datum
LAD) and acme events are certainly partially controlled by
ocal environmental conditions. Some inconsistencies in the
tratigraphical ranges of important taxa found elsewhere may
e explained by sediment reworking.
In the following discussion, only the biostratigraphically
mportant taxa which are used to identify zones or sub-zones
re cited. Many other accessory taxa are present (Fig. 4), but
hese are not discussed because of their limited biostratigraphic
alue.
.1.1. Assemblage  Zone  1
The stratigraphically lowermost assemblage occurs from
67.8 to 762.3 ft (Core 8), in the Sajir Member of the
aq Formation. It shows a predominance of prasinophytes
epresented by leiospheres of variable diameter, clusters of
mall sphaeromorphs and some enigmatic striate sphaero-
orphs; acritarchs are little diversified and chitinozoa are
oorly represented; the first occurrence of the enigmatic dark
rey elements is also recorded in this assemblage zone.
mong the acritarchs, rare Aremoricanium  rigaudae, Arko-
ia sp. A, Aureotesta  clathrata, Dicrodiacrodium  ancoriforme,
omasphaeridium  aff. C.  piluliferum, Frankea  breviuscula,
. longiuscula, Michystridium  spp., Polygonium  spp., Stellechi-
atum celestum, together with few galeate and veryhachid
critarchs, are recorded.
Most of these taxa, especially at genus level (e.g., Dicro-
iacrodium, Frankea, Aremoricanium) have been recorded
orldwide from strata ranging in age from late Dapingian to Dar-
iwilian stages of the Middle Ordovician Series (Brocke et al.,
995; Vecoli and Le Hérissé, 2004; Li et al., 2010). However,
he age of the present assemblage seems to be restricted to the





late 6. Acritarchs from QSIM-801 Well, Saudi Arabia. Key to abbreviations: LPB, L
cale bar 20 m for all figured specimens. Figs. 1–4. Stelliferidium striatulum (V
easurements and profiles of two specimens of Stelliferidium striatulum. Profiles i
rofiles are the emission spectra characteristic of the vesicle wall. The form of the 
onsistency. 2: Stelliferidium striatulum, LPB 13085 (EF H35); vesicle diameter 45 m
iameter of vesicle, 36 m; length of processes, 10–15 m. Figs. 5, 6. Frankea lon
ntensity reflects variation in the thickness of vesicle wall and base of the processes.
mission spectra are similar to those observed in Stelliferidium striatulum. Profile in blu
n Stelliferidium striatulum. Fig. 6: LPB 13085 (EF 043), diameter of vesicle, 50 m
ellow profile (emission spectrum of the vesicle) is very displaced towards the right co
ar. darriwilense. The blue profile (emission spectrum of processes) also contrasts w
ig. 8: LPB 13085 (EF S31); diameter of vesicle, 45 m; length of processes, 45 mléontologie 60 (2017) 289–318
 presence of Arkonia  sp. A, a species described in the
Ghadamis Basin in North Africa in an assemblages attributed
to the Darriwilian (Vecoli, 1999). Moreover, according to
Servais (1997), the first occurrence of Arkonia  is in the British
D. hirundo  graptolite Zone, of latest Arenig age, i.e. early Dar-
riwilian, equivalent of the U.  austrodentatus  graptolite zone
of South China;
 presence of Frankea  longiuscula;  a species normally consid-
ered indicative of a middle Darriwilian or younger age (Vecoli
and Le Hérissé, 2004);
 similarities with the acritarch assemblage described from the
Saih Nihayda Formation of Oman considered to be of mid to
late Darriwilian age (Rickards et al., 2010), notably with the
presence of, among others, the distinctive “Hilate sporomorph
1” (Le Hérissé et al., 2007; indicated as “spore indeterminate
B in Rickards et al., 2010).
Taking into account the above observations, Assemblage
one 1 could be considered equivalent to the bulla  chitino-
oan biozone (lower Darriwilian), which has been previously
ound in the upper part of the Saq Formation (Paris et al.,
007). This would be also consistent with the presence
f the chitinozoan Siphonochitina  formosa  in Assemblage
one 2.
The analysis of the relative abundance of the major paly-
omorph groups yields some paleoenvironmental insights.
ryptospores, which are allochtonous elements introduced
nto the marine assemblage, make up 3 to 6.5% of the total
alynomorph content. This relatively high abundance of
ryptospores, associated with poor representatiion of chiti-
ozoans and low diversity of acritarchs, is consistent with a
and-dominated tidal flat, marginal marine paleoenvironment
shallow shelf-sea), as suggested by the sedimentological
nalysis.
Representatives of Leiosphaeridia  spp. are major compo-
ents of the assemblages in these transitional strata across the
aq/Hanadir boundary. They occur as separate individuals up
o 100 m in diameter (abundance between 43 to 76% of total
alynomorph counts), or in clusters (19 to 42.6%). In previous
tudies, Leiosphaeridia-dominated palynological assemblages
ave been related to glacio-eustatic sedimentary cycles, in ice
arginal environments under seasonal ice and in low salinity
nd temperature environments in circum-arctic and Antarctic
ettings (Mudie, 1992, Prebble et al., 2006). High numbers of
aboratory of Paleontology of Brest collection; EF, England Finder coordinates.
avrdova, 1966) Deunff et al., 1974. Figs. 1, 3: 728.5 ft; fluorescent spectral
n green illustrate excitation spectrum of the thin processes. Red regions and
profiles of the two specimens and the fluorescence intensity show remarkable
; process length, 10–15 m. 4: Stelliferidium striatulum, LPB13085 (EF P31/3);
giuscula var. darriwilense var. nov. 728.5 ft. Fig. 5: variation in fluorescence
 Profile in green illustrates excitation spectrum of the vesicle; intensity of the
e illustrates the emission spectra of the processes, also similar to those observed
. Figs. 7, 8. Tyrannus proteus sp. nov. 728.5 ft. Fig. 7: fluorescence spectra; the
mpared to the one observed in Stelliferidium striatulum or Frankea longiuscula
ith the emission spectra of Stelliferidium and F. longiuscula var darriwilense.
.
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cig. 2. Morphological variability observed in a population of Frankea longiusc
hree well-developed processes. Morphological polymorphism is especially e
innae). Aberrant, or teratological forms are also observed showing bipolar sym
eiosphaerids recorded in Triassic sediments of North China
ave been correlated with highly productive hydrocarbon source
ocks (Ji et al., 2008). In the present sequence, the unusually high




late 7. Acritarchs, coenobia and nannospheres from QSIM-801 Well, Saudi Arabia. 
 m. Fig. 1. Minute palynomorph cluster, Type 2. 677.9 ft, slide SA 44845 (EF H56/3
ig. 2–6. Micrhystridium regulum sp. nov. Fig. 2: 756 ft, slide SA 44894.2 (EF Q5
ody of M. regulum, 4.5 m; process length 3.3 m; Goniosphaeridium sp., Central
ov. 749.9 ft, SA 44891.2 (EF E61), holotype; diameter of central body, 4 m; leng
iew; diameter of central body, 4 m; length of processes, 5 m. Fig. 5: 682.2 ft, slid
–3.5 m. Fig. 6: 751.8 ft, slide LPB 13084 (EF D43/1); diameter of central body,
lide LPB 13081 (EF G33/3); diameter of central body, 4.8 m; length of processes,
iameter, 7 m. Figs. 9, 10. Micrhystridium sp. 2. Fig. 9: CLSM view with autofluores
iameter of central body, 5 m; length of processes, 1–1.5 m. Fig. 11. Leiosphaeri
icrhystridium sp. 3. 712.7 ft, slide LPB 13082 (EF N30/3); diameter of central bod
lide LPB 13082 (EF N30/3); diameter of central body, 6 m, height of membranous 
annospheres, 200 to 500 nm in diameter, associated with decaying organic matter 
espectively 0.6 and 0.5 m in diameter. 712.7 ft, slide LPB 13080. Fig. 17. SEM vi
12.7 ft, slide LPB 13082 (EF N32/2); diameter of individual units, 6–10 m. Fig. 1
etrads. 690.3 ft, slide SA 44852.2 (EF G54/4); mean diameter of individual units, 10 
44); loosely packed, non-adherent units, with a pseudoreticulate ornamentation; diam
luster, Type 1. 712.7 ft, slide LPB 13073 (EF Q31), SEM view showing densely pacar. darriwilense. The species is usually characterized by triangular vesicle and
ed in the variable process number and shape (form and number of terminal
y, presence of additional processes, or rounded vesicle devoid of any process.o the high TOC values (up to 2.98%) and possibly be the ori-
in of the abundant type II kerogen found in the Hanadir Shale
ember (Ghazwani, 2012).
Scale bars as follows, Figs. 1, 2, 17–20: 20 m; Figs. 3–13: 5 m; Figs. 14–16:
); planar coenobium with cells (78 elements), diameter of each cell, 10–12 m.
4/3), specimen attached to a large Goniosphaeridium sp. Diameter of central
 body 53 m, process length 13.5–28 m. Fig. 3: Micrhystridium regulum sp.
th of processes, 4.5 m. Fig. 4: 712.7 ft, slide LPB 13081 (EF 030/1), SEM
e LPB 13083 (EF G41); diameter of central body, 2.5 m; length of processes,
 4 m; length of processes, 1.5–2 m. Fig. 7. Micrhystridium sp. 1. 712.7 ft,
 2 m. Fig. 8. Leiosphaeridia sp. 756 ft, slide SA 44894.2 (EF F48/3); vesicle
cent signal. Fig. 10: 712.7 ft, same specimen as Fig. 9, imaged in reflected light;
dia sp. 712.7 ft, slide LPB 13082 (EF L31/3); vesicle diameter, 6 m. Fig. 12.
y, 3 m, length of processes, 0.8–1 m. Fig. 13. Cymatiosphaera sp. 712.7 ft,
crest, 3 m. Fig. 14. 751.8 ft, slide LPB 13079 (EF K33); aggregates of stained
mats. Figs. 15, 16. Nanobacteria on nucleopore polycarbonate filter (0.8 m),
ew of a cluster of densely packed small and mostly laevigate sphaeromorphs.
8. Cluster of densely packed, laevigate sphaeromorphs, suggesting permanent
m. Fig. 19. Minute palynomorph cluster, Type 1. 684 ft, slide SA 44881.2 (EF
eter of cells, 18–20. Some cells show a pylome. Fig. 20. Minute palynomorph
ked cells; diameter of cells, 4.5–9 m.
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3. Polygonium spp.
9. Frankea longiuscula 
7. Veryhachium trispinosum group 
8. Frankea breviuscula
Cores
4. Clusters of sphaeromorphic elements






27. Uncinisphaera fusticula  
28. Micrhystridium regulum sp. no v. 
29. Caldariola glabra
30. Pterospermopsis colbathii 
31. Virgatosphaeridium rudii
32. Comasphaeridium  aff. C. densisprocessum
37. Baltisphaeridium ternatum
38. Dasydorus cirritus
20. Tyrannus proteus nov. sp. 
35. Stelliferidium striatulum
Depth
           Acritarchs,microalgal remains
                 and enigmatic forms
QSIM-801
1. Grey elements  
5. Micrhystridium spp.  
6. Striate sphaeromorph
10. Comasphaeridium aff. C. piluliferum 
11.  Aremoricanium rigaudae  
13. Cymatiosphaera sp.
15. Aureotesta clathrata















46. Vogtlandia ramificata 
47. Cristallinium sp.
48. Focusphaera elongata
49. Aremoricanium  aff. A. squarrosum
50. Barakella rara
51. Peteinosphaeridium velatum
52. Peteinosphaeridium  aff. P. bergrstroemii
53. Barakella felix 
54. Pterospermopsis franciniae
55. Undeterminate sp.  A
56. Aremoricanium  aff. A. decoratum
57. Poikilofusa ciliaris
58. Peteinosphaeridium sp.  A
59. Vogtlandia cf.  tenuata 
34. Striatotheca mutua 
60. Glaucotesta latiramosa
61. Vogtlandia sp. A  in Vecoli, 1999 
62. Striatotheca principalis parva 
63. Dactylofusa striatogranulata
64. ?Dorsenidium sp. 
65. Acanthodiacrodium uniforme
66. Comasphaeridium sp. 
67. Striatotheca frequens 
68. Stelliferidium sp.  A
Saq Fm.
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69. Multiplicisphaeridium aff  . multipugiunculatum
70. Frankea sartbernardensis
71. ?Pulvinosphaeridium sp.  A
72. Orthosphaeridium sp.
Siphonochitina formosa Linochitina pissotensis
?

















tFig. 3. Stratigraphic range of acritarchs, prasinophycean phycomata and en
.1.2.  Assemblage  Zone  2
Assemblage Zone 2 is defined in parts of cores 8 and 7, from
59.6 to 754.8 ft in the uppermost Sajir Member of the Saq
ormation. A marked increase in both the relative abundance of
hitinozoans (from an average of 1.63% at the top of Assemblage
one 1 to an average of 21.5% at the base of Assemblage Zone
), and the diversity of acritarchs, indicates that rapid marine
ooding occurred between 762.3 (top of Zone 2) and 759,6 ft.
S
dtic forms in the Saq/Hanadir transitional beds, QSIM-801 well, cores 1–8.
his is consistent with the observed drop in cryptospore abun-
ance (from ca. 6% to 2%). Sphaeoromorph acritarchs (i.e.,
eiosphaeridia  spp.) are still well represented in the Assem-
lage Zone 2, especially in bedded sandstones at 754.8 ft, where
hey represent about 82% of total palynomorph content.The interval marks the introduction of the chitinozoan
iphonochitina  formosa  (index of the eponymous zone of mid-


















Fig. 4. Quantitative stratigraphical distribution in relative abundances of palynomorphs and amorphous organic matter between 767.8 and 675.1 ft in the QSIM-801 well.
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epresented by S.  rarirrugulata,  S.  monorugulata  and S.  mutua,
his latter being entirely confined within the zone. Other
otable FADs are those of Acanthodiacrodium  costatum,
mpullula  suetica  (uncommon), Ankyrotrochos  crispum,
icrhystridium  regulum  sp. nov., Pterospermopsis  colbathii,
yrannus  proteus  sp. nov., and Uncinisphaera  fusticula.  The top
f the zone is marked by the Last Appearance Datums of Arko-
ia sp. A and Aureotesta  clathrata.  These disappearances at the
op of Zone 2 might be controlled by local paleoenvironmental
onditions, as these species are known to occur throughout the
ntire Darriwilian in other localities.
This assemblage zone is also characterized by the first
tratigraphic occurrence of common minute acritarchs and
phaeromorphs of ultraplanktonic size range (5–15 m), which
ill become abundant in the succeeding Zone 3.
The FAD of the distinctive species Tyrannus  proteus  (previ-
usly indicated as Tyrannus  sp. A in Le Hérissé et al., 2007),
s now well established at the top of core 8. Because of its dis-
inctive morphology, the FAD of T.  proteus  holds considerable
otential for correlation in other Saudi Arabian sections.
The present assemblage shares many similarities with
reviously described assemblages of Darriwilian (Middle
rdovician) age in worldwide localities. For example, Stria-
otheca  monorugulata  is considered to have a short stratigraphic
ange, which does not extends above the D.  hirundo  graptolite
one and equivalents e.g. the U.  austrodentatus  zone of South
hina (Yin et al., 1998), of early Darriwilian age. Other taxa such
s Ankyrotrochos  crispum  or Pterospermopsis  colbathii  are not
eported elsewhere in deposits older than the Darriwilian (Vecoli
nd Le Hérissé, 2004).
Some isolated occurrences of taxa which indicate a
re-Darriwilian age such as Caldariola  glabra  and Stria-
otheca monorugulata  could resulting from sediment reworking
rom underlying strata. Reworking was also previously men-
ioned by Al-Hajri (1995, p. 33), who noted the possibility of
xtensive reworking of “Arenig”-aged (i.e., upper Dapingian)
axa from the Saq Formation into the “Llanvirn” (Darriwilian)
anadir Member at the base of the Qasim Formation.
.1.3. Assemblage  Zone  3
Assemblage Zone 3 extends from 751.8 ft (corresponding
o the Saq/Hanadir boundary) up to the top of the cored sec-
ion at 675.1 ft. Starting from the base of this Zone, samples
roved very productive, and many FADs of stratigraphically
mportant species are recorded, especially within two inter-
als; 751.8–731.6 ft (defining sub-Zone 3A) and 728.5–675.1 ft
defining sub-Zone 3B).
In Assemblage Zone 3, palynofacies analysis reveals a signif-
cant increase in relative proportion of AOMs, increasing from
5% of total organic content at 754.8 ft (top of Zone 2), to 30% at
51.8 ft (base of Zone 3). This sudden accumulation of organic
atter, especially abundant in the lower part of the zone (i.e.,
ub-Zone 3A) could reflect either a deepening of the Hanadir
epositional paleoenvironment, or a condensed horizon.
Based on the distribution of chitinozoans, Assemblage sub-
one 3A correlates with the middle and upper part of the formosa
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op of the formosa  Biozone and to the pissotensis  Biozone. The
resence of these two chitinozoan index species constrains the
ge of Assemblage Zone 3 to the late-middle to late Darriwilian.
Sub-Zone 3A shows the progressive introduction of Are-
oricanium rigaudae, Aremoricanium  aff. A squarrosum,
altisphaeridium  klabavense, B.  ternatum, Dasydorus  cirritus,
eteinosphaeridium  trifurcatum, Barakella  fortunata, Stria-
otheca quieta, Vogtlandia  ramiﬁcata, Focusphaera  elongata,
arakella  rara  and Peteinosphaeridium  velatum, among the
ost important species.
Focusphaera  elongata  has been previously described in the
iddle Ordovician of the Solimões Basin, Benjamin Constant,
razil by Quadros (1986a), in the local Arkonia  virgata  zone,
ated to the Arenig-Llanvirn (Dapingian-Darriwilian; Quadros,
988).
A significant change in distribution of chronostratigraph-
cally valuable acritarchs occurs at the base of sub-Zone
B (728.5 ft), with the First Appearance Datums of the fol-
owing taxa: Poikilofusa  ciliaris, Pterospermopsis  franciniae,
ogtlandia tenuata, Aremoricanium  aff.  A.  decoratum,  Vogt-
andia sp. A of Vecoli (1999), Glaucotesta  latiramosa,
triatotheca principalis  parva,  Dactylofusa  striatogranu-
ata, Acanthodiacrodium  uniforme, Striatotheca  frequens,
rankea  sartbernardensis, and Orthosphaeridium  spp. This
oundary between subzones 3A and 3B corresponds also to the
AD of Ankyrotrochos  crispum.
Globally, Assemblage Zone 3 shows similarities with the
rankea sartbernardensis-Vogtlandia  ramiﬁcata  assemblages
escribed from North Africa (Vecoli, 1999; Vecoli et al., 1999a,
), and with the JO-3 Zone defined in the subsurface of Jor-
an (Keegan et al., 1990), both of which are attributed to the
id to late Darriwilian. It is worth nothing that in the North
frican assemblages all the main species make their first incep-
ion from the base of the zone, while in QSIM-801, species first
ppear progressively through the section. This could reflect dif-
ering local paleoecological conditions, or could be explained
y a major disconformity in the North African succession,
here the Darriwilian Bir ben Tartar Formation directly overlies
he Tremadocian Sanrhar Formation. However, no details were
iven about the order of appearance of taxa in the JO-3 Zone of
eegan et al. (1990).
Other assemblages which share many species with the present
one are those described by Gutierrez Marco et al. (1996) in the
arriwilian of Spain, and by Vavrdová (1982) in the Darriwilian
arka Formation of the Bohemian Basin (e.g., occurrence of
laucotesta  latiramosa).
A peculiarity of the QSIM-801 section is the rarity of the
ypical Darriwilian acritarch Frankea  sartbernardensis, a clas-
ical marker of the upper Arenig to Llanvirn (Darriwilian) in
any worldwide localities (Vecoli and Le Hérissé, 2004). This
ight reflect a more general facies control on the biogeographic
istribution of this species. Also, the presence of Pterospermop-
is franciniae  is notable in the present assemblage, because this
s a distinctive species that has been so far only been described
rom the Darriwilian of Australia (Aremoricanium  solaris  and
actylofusa  striatogranulata  Zones, Goldwyer and Tina forma-


































































































cA. Le Hérissé et al. / Revue de m
.2.  Quantitative  analysis  and  discussion
Figs. 4 and 5 show the variations of relative abundances
f acritarchs, freshwater algae, cryptospores, and of AOM in
he QSIM-801 section. The distribution of palynomorphs and
heir changes in relative abundances are interpreted as reflect-
ng paleoenvironmental changes throughout the studied section.
he biostratigraphic constrains provided by the chitinozoans
i.e., presence of pissotensis  and formosa  biozones, middle to
ate Darriwilian) for the 28 m (93 ft) thick QSIM-801 section
ndicate that the studied section is very condensed, particularly
hen considering an estimated duration of the Darriwilian of
a. 9 Myr (Cohen et al., 2013). Comparable Middle Ordovician
tratigraphic sections in the Armorican Massif of France, for
xample, consist of several hundred meters of strata (Dabard
t al., 2015).
The most important taxonomic categories and species, that
xhibit relatively high frequencies are: the galeate acritarchs
e.g., Stelliferidium  and Cymatiogalea), Frankea  longius-
ula var. darriwilense, Leiosphaeridia  spp., Micrhystridium
pp., triangular Veryhachium, chitinozoans, cryptospores, and
phaeromorph clusters.
The successive introductions of the two chitinozoan species
iphonochitina formosa  and Linochitina  pissotensis  respectively
t 759.6 and 699.9 ft (Fig. 4) correspond to transgressive events,
nd coincide with pulses of increased acritarch diversity (e.g.,
ADs of A.  clathrata, Arkonia  spp., etc.), along with a corre-
ponding drop cryptospore abundance. The wide distribution of
hese events on the north Gondwanan margin and the Middle
ast (Paris, 1990, 1996), their amplitude and rapidity, have been
onsidered as evidence for a glacio-eustatic origin (Dabard et al.,
015, p. 107).
The relative abundance of the terrestrially-derived cryp-
ospores and Michystridium  spp. are generally inversely
roportional in the studied section (Fig. 4). An inverse rela-
ionship is also observed between abundances of leiospheres
nd Frankea  longiuscula  var. darriwilense. These features
re especially evident in two intervals, at 754.8–767.8 ft and
85.9–687.2 ft, where peaks in cryptospore abundance (up to
.7% of total palynomorph content) seems to suggest restricted
arine conditions. Here, the high abundance of cryptospores,
learly indicates nearby active fluvio-deltaic sources (Tyson,
993).
Variations in abundance of Micrhystridium  (Figs. 4 and 5)
ppear to be correlated to stratigraphic surfaces such as flood-
ng surfaces, condensed surfaces such as lag deposits, or other
iastems. At the Saq/Hanadir boundary, the relative abundance
f Micrhystridium  increases from 2.4% at 754.8 ft (topmost Saq)
o 31% at 751.8 ft (lowermost Hanadir). A similar increase in
bundance of Micrhystridium  occurs between 731.6 ft (ca. 10%)
nd 728.5 ft (ca. 32%.), which also corresponds to the boundary
etween subzones 3A and 3B. Both of these peaks in the abun-
ance of Micrhystridium  also correspond to maxima in acritarch
iversity, and are considered to correlate to flooding surfaces.
A similar increase in the relative abundance of Micrhystrid-
um is observed across a sedimentary discontinuity represented
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arking a transition from proximal to distal pro-delta facies.
n this case, the Micrhystridium  abundance increases from ca.
% at 697.7 ft to 10% at 695.7 ft, in parallel with a significant
ecrease in cryptospore abundance from 2.3% to almost zero,
onsistently with a change from proximal to distal conditions.
Triangular acritarch morphotypes such as Arkonia,  Frankea,
hree-processed Veryhachium, and triangular morphotypes of
yrannus proteus  show a marked increase in relative abundance
t the base of the Hanadir Member. Triangular Veryhachium
eaches up to 30% of total palynomorph content in several
amples. Previous work (Le Hérissé et al., 2007, p. 12) has
uggested a correlation between high abundances of triangu-
ar Veryhachium  and the onset of glacial conditions, based on
nalysis of glacial-related sediments in the Upper Ordovician
f Morocco (Bourahrouh et al., 2004). This condition is seen as
ell in the Upper Devonian of Brazil (Le Hérissé, 2015).
In several levels in the Hanadir Member some acritarch
pecies, such as Frankea  longiuscula  var. darriwilense, Dicro-
iacrodium  ancoriforme  and Tyrannus  proteus, display extreme
olymorphism, leading, in some cases, to aberrant (terato-
ogical) morphotypes. Previous studies have correlated the
ccurrence of aberrant acritarch morphotypes to changes in
aleoenvironmental parameters such as changes in salinity of
ceanic waters (Ellegaard, 2000), 13C excursions linked to
lacial events (Munnecke et al., 2012), or high levels of heavy
etals in the sediments (Vandenbroucke et al., 2013). Any of
hese parameters, alone or in combination, could be at play in
he present material from the Hanadir Member in QSIM-801.
owever, the establishment of a causal relationship between the
ccurrence of aberrant forms, or extreme polymorphic species,
nd paleoecological conditions would require detailed geochem-
cal analysis that is beyond the scope of the present study.
.3.  Distribution  and  importance  of  minute  palynomorphs
The importance of small phytoplanktonic forms is well estab-
ished in oceans today and they play crucial roles as primary
roducers, bacterial grazers and parasites (Barber and Hilt-
ng, 2002; Not, 2004). The scheme for classification of marine
icroorganisms according to size was delineated largely based
n sieving technology. Sieburth et al. (1978) split microorgan-
sms into three categories: microplankton (larger than 20 m),
annoplankton (from 2 to 20 m) and picoplankton (smaller
han 2 m). The term, ultraplankton, also used herein, added
ater by Murphy and Haugen (1985), is defined as the sum of
icoplankton and nannoplankton. The size range of the minute
alynomorphs observed in the QSIM-801 material generally
elongs to the ultraplankton.
Minute palynomorphs have been detected in many palyno-
ogical residues from Paleozoic rock samples, but they have
ot received attention because their small size makes taxonomi-
al studies and biostratigraphic applications difficult. Moreover,
onventional palynological preparations make use of sieves
ith mesh sizes around 15 m, and many of these small paly-
omorphs are lost during sieving. According to Servais et al.
2016): “the fossil record of the phytoplankton is biased by
 huge mesh-size effect and reports of fossil phytoplankton
312 A. Le Hérissé et al. / Revue de micropaléontologie 60 (2017) 289–318


































aFig. 6. Size distribution of palynomophs in th
 20 m — picoplankton and in particular of bacterioplank-
on — are virtually absent”. However, small palynomorphs can
eveal important paleoecological and paleoenvironmental infor-
ation. For example, their high surface/volume ratio has been
onsidered to convey a selective advantage in oligotrophic or
educed light conditions (Prauss, 2000). In order to categorize
he abundant record of minute palynomorphs encountered in
he QSIM-801 section, and attempt to understand their possi-
le paleoecological significance, a size distribution analysis was
erformed.
Body-size trends  of  the  acritarch  and  sphaeromorphic  paly-
omorphs in  QSIM-801  material
A simple approach has been used for the measurements of
hese microfossils, taking account of the total diameter, i.e., sum
f central body diameter + length of ornamentation. The varia-
ions in body size of the palynomorphs in the study sections
re well illustrated by the analysis performed on two samples
758 and 712.7 ft), which are considered representative of the
ntire studied section. A total of 2250 and 920 microfossils were
ounted in sample 758 ft (core 7) and 712.7 ft (core 4), respec-
ively (Figs. 6 and 7). The counts were made on 5 palynological
lides for each sample.
This quantitative analysis demonstrates that a wide range of
ody sizes are represented in the same sample. Three main size
lasses can be isolated. The first is represented by forms less than
0 m in diameter (ultraplankton), with abundances of 6 to 16%
f the total palynomorph content. The second includes forms
n the 10–20 m size range (ultraplankton and microplankton),
epresenting ca. 15% of all the microfossils. Finally, the majority
f forms (70 to 79% of total palynomorphs) fall entirely in the
icroplankton size range (greater than 20 m). The ultraplank-
onic forms show two further peaks in size ranges: one between
 and 6 m and another between 18 and 22 m, while a group
ith mean sizes in the 12.5–14 m range is much less repre-




aig. 7. Pie charts of size distribution of the palynomorphs in samples to 751.8
nd 712.7 ft in QSIM-801 well.
ith mesh sizes smaller than 5 m, revealed the partial absence
f small forms in the 1–4 m size range, but an abundance of
annospheres smaller than 1 m in diameter. The nannospheres
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Minute  palynomorphs  categories
Based on morphological criteria, three main categories of
inute palynomorphs can be distinguished in the present mate-
ial: a) nannospheres, with a mean size less than 1 m; b)
critarchs and small sphaeromorphs, with a total diameter
etween 5 and 20 m; c) clusters of minute palynomorphs that
re either interpreted as terrestrial spore masses, possible spores
f chlorococcalean algae, clusters of small prasinophycean
lgae, or other microalgae, which are aggregates of small cells
f 6 to 15–20 m in diameter.
Nannospheres
The nannospheres are the smallest elements identified in the
resent material, with a size between 0.2 to 1 m. They have
een extracted from water residues passed through 3 to 0.8 m
ucleopore Polycarbonate filters (Plate 7, Figs. 15, 16). In opti-
al view nannospheres appear stained, possibly rich in sulfur,
ike the accumulations seen in modern freshwater deposits and
llustrated by Lepot et al. (2014). They seem to be equivalent
o the smallest (< 1 m) nano-scale spheroids described from
he Neoproterozoic black shales of the Ediacaran Doushantuo
ormation in China (Borjigin et al., 2014). We suggest they are
omparable to cell envelopes of cyanobacteria.
Small acritarchs  and  sphaeromorphs
Small acritarchs, including sphaeromorphs, are present
hroughout the section in significant proportions (Plate 7,
igs. 5–10, 12). These small acritarchs, with diameters between
 to 10 m belong to the ultraplankton category. Notable previ-
us records of acritarchs belonging to this category are those
rom the Upper Vendian-Lower Cambrian of the East Euro-
ean Platform in Poland (e.g., Helosphaeridium  radzynianum,
–12 m in overall diameter; Moczydlowska, 1991); from the
arly Cambrian of Estonia (Reticella  corrugata, 4–10 m in
verall diameter with a porous wall structure; Agic, 2015); from
he Silurian of Gotland, e.g., a small acanthomorph 5 m in
iameter, hooked to a specimen of Eupoikilofusa  rochesteren-
is illustrated by Le Hérissé (1989, Plate 13, fig. 7), and three
pecimens illustrated by Munnecke and Servais (1996; Plate 4,
gs. 1, 2, 4) observed on polished and etched rock surfaces.
Notable Mesozoic and Cenozoic occurrence of small
critarchs and prasinophytes are from the Middle and Late Tri-
ssic (Roche, 1994; Brocke and Riegel, 1996; Feist-Burkhardt
t al., 2008; Götz and Feist-Burkhardt, 2012; Riegel et al., 2014);
urassic (Courtinat, 1983), Cretaceous (Habib and Knapp,
982; Schrank, 2003); and Neogene (Head, 2003). Minute
critarchs do have some stratigraphic utility in the Cretaceous
Habib and Knapp, 1982), and the Neogene (de Vernal and
udie, 1989; Head, 2003). Based on its distinctive morphol-
gy and short stratigraphic range in the QSIM-801 section,
icrhystridium regulum  sp.nov., is considered as a potential use-
ul biostratigraphical marker in the late-early to late Darriwilian
f Saudi Arabia.
Clusters  of  minute  palynomorphs
The last category of minute palynomorphs, but the secondroup in terms of abundance, consists of clusters and aggre-
ates of sphaeromorphs. These elements, with cells of small
ize, between 5 and 25 m are particularly abundant in the Saq
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ecurrent and abundant in several levels also in the Hanadir
ember.
Two main types can be distinguished. Type 1 clusters consist
f smooth to ornamented, irregular and loosely packed units.
uch clusters can be compared to forms described from the Pro-
erozoic such as Symplassosphaeridium  spp., or Synsphaeridium
pp. (cf. e.g. Reidman et al., 2014, figs. G, H, S, P, U; Wellman
nd Strother, 2015, fig. 2, H.; Baludikay et al., 2016, fig. 12m).
any of these irregular clusters correspond to aggregates of
mall leiospheres that we consider to be prasinophyte. Speci-
ens with pseudoreticulate ornamentation and small rounded
penings (Plate 7, Fig. 19) recall the morphology of chlorococ-
alean (aplano)spores, such as those of Palambages  morulosa
llustrated by Tappan (1980, Fig. 10.25, p. 837).
Type 2 clusters consist of aggregates of densely packed,
dherent units. These ones suggest possible analogies with cryp-
ospore masses (e.g., Plate 7, Figs. 17, 18, 20) such as the
ragments of sporangia illustrated by Wellman et al. (2003) from
he Ordovician of Oman, but would need to be confirm by ultra-
tructure studies. In all cases, these closely adherent forms differ
rom the regular and planar cryptospore clusters described from
he Middle Ordovician of Utah (Vecoli et al., 2015).
The occurrence of minute palynomorphs in the Middle
rdovician from Saudi Arabia, do not correspond to a dras-
ic reduction in body size of the associated acritarchs and other
alynomorphs, hence they cannot be attributed to the so-called
Lilliput Effect” (Urbanek, 1993). Likewise, the co-occurrence
f large acritarch species such as Aremoricanium  rigaudae  or
yrannus proteus  with the minute palynomorphs, exclude a
oncentration effect of the latter by hydrodynamic sorting. It
s important to recognize, after Riegel et al. (2014), that small
critarchs form a unique segment of microphytoplancton assem-
lages, which become abundant only in special environments
nd at certain stratigraphic levels. The present record of abun-
ant minute acritarchs in the Middle Ordovician of Saudi Arabia
s probably linked to adaptation to specific paleoenvironmental
onditions (Fig. 2).
The abundance of small acanthomorphs (mostly Micrhystrid-
um spp.) are variously interpreted in the literature. Schrank
2003) suggests an adaptation of the small acritarchs found in
ands of the upper Cretaceous of Egypt to an interstitial (meio-
aunal) mode of life. This relationship between acritarchs and
oarse-grained littoral sediments was also noted by Courtinat
2000) and Sarjeant and Taylor (1999). However, as noted by
iegel et al. (2014), this proposed interstitial mode of life is
ot consistent with the occurrence of minute acritarchs and
rasinophytes in oceanic clays and marls–including those of the
ower Cretaceous of the western North Atlantic (Habib and
napp, 1982) and in limestones and marls of the Middle Tri-
ssic Jena Formation in Germany. According to Riegel et al.
2014), no single mode of life can be attributed to the small
critarchs. For their Triassic record, they proposed that changes
n abundance of the minute acritarchs were essentially salinity
ontrolled. In the present material, taking into account the high
olymorphism of several species and the variation in terrestrial
nput (e.g. cryptospore abundance and clusters of possible cryp-
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inute palynomorphs seen here might be primarily controlled
y changes in salinity.
.  Conclusions
Transitional strata between the Sajir Member of the Saq For-
ation and the Hanadir Member of the Qasim Formation cored
y QSIM-801 well in Central Saudi Arabia contain profuse and
ell-preserved palynomorphs of terrestrial and marine origin;
n this paper, the marine microplankton has been studied in
etail, and three Assemblage Zones (1–3) have been defined,
ith Assemblage Zone 1 and 2 occurring in the Sajir Member
nd Assemblage Zone 3 occurring in the Hanadir Member. This
nalysis shows that the studied section is late-early to late Dar-
iwilian in age on the basis of the presence of the formosa  and
issotensis chitinozoan zones.
Three new species of acritarchs have been described:
rankea longiuscula  var. darriwilense  var. nov., Micrhystrid-
um regulum  sp. nov., and Tyrannus  proteus  sp. nov.
Detailed quantitative analysis of the relative abundance of
ajor palynomorph groups and AOMs reveal high-frequency
ariations and abrupt changes in the distribution of marine and
on-marine palynomorphs, which are most probably related
o changes in paleoecological and depositional conditions.
he analysis confirms also the importance of the triapsidate
critarchs and the frequency of abnormal (teratological) forms
hat could be correlated to environmental stress and possibly a
lacial event.
The Sajir Member of the Saq Formation is characterized by
redominance of terrestrial palynomorphs (cryptospores) and
rasinophytes (e.g., Leiosphaeridia  spp.) as well as clusters of
mall spaheromorphs, while acritarchs are relatively undiversi-
ed and chitinozoans poorly represented. The chitinozoan index
pecies Siphonochitina  formosa  first occurs in Assemblage Zone
 in the topmost Sajir Member, containing the biostratigraphic
ge to the late-early Darriwilian.
The transition between the Sajir Member of the Saq Forma-
ion and the Hanadir Member of the Qasim Formation is sharp in
he QSIM-801 section. It is characterized by a marked increase
n abundance and diversity of acritarchs and large quantities
f AOMs, indicating a deepening of the depositional paleoen-
ironment. Based on the biostratigraphic analysis, the Hanadir
ember in QSIM-801 is late-middle to late-darriwilian in age
Assemblage Zone 3, and upper part of formosa  and the whole
issotensis  chitinozoans zones).
The organic richness of samples, particularly in the Hanadir
hale Member, is related to mixed terrestrial organic productiv-
ty and marine aquatic organic productivity, and to the extension
f anoxic conditions. These elements permitted an increase in
he organic matter deposition and good TOC values.
The Frankea  longiuscula  var. darriwilense  acme and its
xtreme polymorphism, associated to minute palynomorphs in
elation with variations of terrigenous delivery (cryptospore
ignal), could be indicator of changing salinity during the Dar-
iwilian.
The abundance of minute palynomorphs compared to other
arts of the Paleozoic, may indicate a locally severe ecological
Rléontologie 60 (2017) 289–318
ffect of the environmental changes on the composition of
alynomorph assemblages (controlled by salinity and/or
limate-driven).
Although these results must be regarded as provisional, they
uggest that high-resolution quantitative palynological studies
an provide a valuable tool for the identification of eustatic sig-
atures, but also for changing salinity in the Middle Ordovician.
he present findings add significant support for recent stud-
es that have argued for the presence of ice sheets since the
arriwilian (Middle Ordovician) in Gondwana.
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ppendix  1.
List of palynomorph and other fossil taxa mentioned in the
ext and listed in Fig. 3.
Group  Acritarcha  Evitt,  1963
Acanthodiacrodium  costatum  Burmann, 1968
Acanthodiacrodium  uniforme  Burmann, 1968
Ampullula  suetica  Righi, 1991
Ankyrotrochos  crispum  (Vavrdová) Vecoli, 1999
Aremoricanium  rigaudae  Deunff, 1955
Aremoricanium  solaris  Quintavalle and Playford, 2006a
Aremoricanium  aff. A.  squarrosum  Loeblich and Mac Adam,
971
Aremoricanium  aff. A.  decoratum  Loeblich and Mac Adam,
971
Aremoricanium sp. A
Arkonia  sp.  A  in Vecoli (1999)
Aureotesta  clathrata  (Vavrdová) emend. Brocke et al., 1997
Baltisphaeridium  kalbavense  (Vavrdová) kjellström, 1971
Baltisphaeridium  ternatum  (Burmann) emend Rauscher,
973
Barakella felix  Cramer and Diez, 1977
Barakella  fortunata  Cramer and Diez, 1977
Barakella  rara  (Lu Li-chang) emend Tongiorgi et al., 1995
Caldariola  glabra  (Martin) Molyneux in Molyneux and
ushton, 1988
Carminella  maplewoodensis  Cramer, 1964
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Comasphaeridium  aff. C.  piluliferum  Playford and Martin,
984
Comasphaeridium  aff. C.  pratulum  Cramer and Diez, 1977
Comasphaeridium  sp.
Conaticystis  orbis  Habib and Knapp, 1982
Cristallinium  sp.
Cymatiogalea  spp.
Dactylofusa  striatogranulata  Jardiné, Combaz, Magloire,
eniguel et Vachey, 1974
Dasydorus  cirritus  Playford and Martin, 1984
Dicrodiacrodium  ancoriforme  Burmann, 1968 emend.
ervais et al., 1996
?Dorsennidium  sp.
Eupoikilofusa  rochesterensis  Cramer, 1970
Genus Focusphaera  Quadros, 1986
Focusphaera elongata  Quadros, 1986
Genus Frankea  (Burmann, 1970) Servais, 1993 emend
Frankea breviuscula  Burmann, 1970
Helosphaeridium  radzynianum  Moczydlowska, 1991
Leiofusa  spp.
Lusatia dendroidea  Burmann, 1970
Lusatia  heteromorpha  Vavdrova, 1986
Frankea  longiuscula  Burmann, 1970
Frankea  longiuscula  var. darriwilense  var. nov.
Frankea sartbernardensis  (Martin) Colbath, 1986
Glaucotesta  latiramosa  Vavrdová, 1982
Lophosphaeridium  sp.
Genus Micrhystridium  Deflandre, 1937
Micrhystridium  regulum  sp. nov.
Micrhystridium  spp.
Multiplicisphaeridium  irregulare  Staplin et al., 1965
Multiplicisphaeridium  multipugiunculatum  Cramer and
iez, 1977
Orthosphaeridium  sp.
Peteinosphaeridium  trifurcatum  (Eisenack, 1931 ex Eise-
ack, 1938) Eisenack, 1969
Peteinosphaeridium  velatum  Kjellström, 1971
Peteinosphaeridium  cf. P.  sp. A in Vecoli (1999)
Peteinosphaeridium  sp. B
Pirea sp.
Poikilofusa  ciliaris  Vecoli, 1999
Poikilofusa  spinata  Staplin et al., 1965
Polygonium  dentatum  (Timofeev ex  Konzalová-Mazancová)
lbani, 1989
?Pulvinosphaeridium  sp. A
Reticella corrugata  Agic, 2015
Rhopaliophora  palmata  (Combaz and Peniguel) emend Paly-
ord and Martin, 1984
Riculasphaera  ﬁssa  Loeblich and Tappan, 1969
Stellechinatum  celestum  (Martin) Turner, 1984
Stelliferidium  stelligerum  (Górka) emend Deunff et al., 1974
Stelliferidium  striatulum  (Vavrdová) Deunff et al., 1974
Stelliferidium sp. A
Striatotheca  frequens  Burmann, 1970
Striatotheca  monorugulata  Yin et al., 1998
Striatotheca  mutua  Burmann, 1970
Striatotheca  principalis  parva  Burmann, 1970léontologie 60 (2017) 289–318 315
Striatotheca  quieta  (Martin) Rauscher, 1974
Striatotheca  rarirrugulata  (Cramer, Kanes, Diez and
hristopher) Eisenack et al., 1976
Symplassosphaeridium  spp.
Synsphaeridium  spp.
Tabulimicrocystis  tetragonis  Habib and Knapp, 1982
Genus Tyrannus  Wood and Tekbali, 1987
Tyrannus  giganteus  (Jardiné et al., 1974) Wood and Tkbali,
987
Tyrannus  proteus  sp. nov.
Uncinisphaera  fusticula  Vecoli, 1999
Undeterminate sp. A
Verrucidium  globosum  Habib and Knapp, 1982
Veryhachium  checkleyensis  Dorning, 1981
Veryhachium  lairdii  (Deflandre) Deunff, 1959 ex Downie,
959
Veryhachium trispinosum  group
Vogtlandia ramiﬁcata  Burmann, 1970
Vogtlandia  tenuata  Burmann, 1970
Vogtlandia  sp. A in Vecoli, 1999
Chlorococcales
Palembages  morulosa  Wetzel, 1961
Prasinophycean  algae
Cymatiosphaera  spp.
Cymatiosphaeropsis  rotundus  Habib and Knapp, 1982
Pterospermopsis  colbathii  Vavrdová, 1990
Pterospermopsis  franciniae  Quintavalle and Playford, 2006a
Zygnematales
Genus Gelasinicysta  Head, 1992




Virgatasporites  rudii  Combaz, 1967
Cyanobacteria
Bavlinella foveolata  (Shepeleva, 1962) Vidal, 1976
Sphaerocongregus  variabilis  Moorman, 1974
Enigmatic  forms
Dark-grey element, Type 1
Dark-grey element, Type 2
Chitinozoa
Belonechitina  henryi  Paris, 1981
Desmochitina  bulla  Taugourdeau & Jekhowsky, 1960
Desmochitina ornensis  Paris, 1981
Linochitina pissotensis  Paris, 1981
Siphonochitina  formosa  Jenkins, 1967
Possible  fungi
Genus Germinosphaera  (Mikhailova, 1986) emend Butter-
eld, Knoll and Swett, 1996
Genus Tappania  Butterfield, 2005
Graptolites
Didymograptus  artus  Elles and Wood, 1901
Didymograptus  cf. biﬁdus  (Hall) Ruedemann, 1947
Didymograptus  hirundo  Salter, 1863
Didymograptus  murchinsoni  (Beck, 1839)
Didymograptus  protobiﬁdus  Elles, 1933
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Trace  fossils
Cruziana  sp. D’Orbigny, 1842
Phycodes  fusiforme  Seilacher, 2000
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